Loss-of-function mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) compromise epithelial HCO 3
. Here we report that apical addition of amphotericin B, a small molecule that forms unselective ion channels, restored HCO 3 − secretion and increased airway surface liquid pH in cultured airway epithelia from people with cystic fibrosis. These effects required the basolateral Na + , K + -ATPase, indicating that apical amphotericin B channels functionally interfaced with this driver of anion secretion. Amphotericin B also restored airway surface liquid pH, viscosity, and antibacterial activity in primary cultures of airway epithelia from people with cystic fibrosis caused by different mutations, including ones that do not yield CFTR, and increased airway surface liquid pH in CFTR-null pigs in vivo. Thus, unselective smallmolecule ion channels can restore host defences in cystic fibrosis airway epithelia via a mechanism that is independent of CFTR and is therefore independent of genotype.
Increasing anion secretion through CFTR channels that bear specific mutations improves airway host defences and lung function in people with cystic fibrosis (CF) 1, 4, 5 . However, not all CFTR mutations are amenable to this approach 6 . Small-molecule ion channels that operate independently of CFTR to promote anion secretion might circumvent these limitations. Multiple studies have demonstrated that peptide or small-molecule ion channels, transporters and carriers can promote Cl − transport in CFTR-deficient cells and/or changes in short-circuit current or potential in CFTR-deficient epithelia [7] [8] [9] [10] . However, it has remained unclear whether this approach can improve airway host defences.
Recent studies have demonstrated that HCO 3 − secretion may enhance airway host defences 2,3,11 by increasing airway surface liquid (ASL) pH 3 , decreasing ASL viscosity 3, 12 , increasing activity of antimicrobial factors 3 , maintaining ASL volume homoeostasis 13 , counteracting local environment acidification by Pseudomonas aeruginosa 14 and dissipating proton-motive forces in bacteria 15 . The electrochemical gradient across the apical membrane favours HCO 3 − secretion; HCO 3 − is accumulated intracellularly through the integrated activity of Na . Thus, when CFTR opens, HCO 3 − flows into the ASL, increasing ASL pH. In the absence of CFTR, intracellular HCO 3 − concentration is maintained 17 , and this gradient for HCO 3 − exit persists or is likely to increase as ASL pH falls. We reasoned that the electrochemical gradient for HCO 3 − across the apical membrane of CF epithelia at steady state may permit even an unselective small-molecule HCO 3 − transporter to increase basolateral-to-apical HCO 3 − flux and thus airway host defences. An unselective small-molecule iron transporter was sufficient to restore haemoglobinization in cells and animals that are deficient in iron-transport proteins, and this tolerance for lack of selectivity was linked to iron gradients across membranes that normally host the missing proteins 18 . Amphotericin B (AmB) is a small-molecule natural product that forms monovalent ion channels that are unselective for anions versus cations. It is prescribed as an antifungal, but is markedly toxic to humans 19 . We recently found that its cytotoxicity is primarily owing to sterol extraction from membranes, and not a result of channel formation 20, 21 . In the presence of lipid bilayers, AmB is likely to exist in at least two states that are in dynamic equilibrium 20, 21 . The primary state is a toxic extramembranous sterol sponge, but it also exists as a membrane-embedded ion channel. Toxicity from the AmB sterol sponge only occurs when the molar ratio of AmB:sterol is greater than one 20, 21 . These insights allowed the channel activity of AmB to be rationally separated from its cytotoxicity using either low concentrations of AmB that form ion channels but do not extract substantial amounts of membrane sterol (generally less than 0.5 μM in ergosterol-containing yeast, predicted to be generally less than 5 μM in cholesterol-containing mammalian cells), or by pre-complexing AmB to excess sterols [20] [21] [22] . Although AmB forms ion channels that are permeable to both cations and anions, it restored K + transport and growth in yeast missing the K + -selective Trk transporters 22 . By contrast, a synthetic single-atom-deficient derivative that lacks ion-channel activity (C35deOAmB) did not restore K + transport and growth 20, 22 . We hypothesized that, in the context of a favourable electrochemical gradient for HCO 3 − secretion, apical AmB channels would increase HCO 3 − secretion and thus ASL host defences in CF epithelium.
AmB transports monovalent anions and cations (Extended Data Fig. 1f -h, j), but it is not known whether it transports HCO 3 − specifically. We found that AmB, but not C35deOAmB, caused H 13 CO 3 − efflux in cholesterol-containing palmitoyl oleoyl phosphatidylcholine (POPC) liposomes (Extended Data Fig. 1a-e, i) .
A low concentration of AmB increased ASL pH and H 14 CO 3 − secretion in CuFi-4 cultured airway epithelia, which are heterozygous for the CFTR mutations (G551D/∆F508) (Fig. 1a, b) . pH-stat experiments indicated that HCO 3 − secretion, rather than proton absorption, primarily underlies the AmB-mediated increase in ASL pH (Extended Data Fig. 2a) . For comparison, we tested ivacaftor, which increases the open-state probability of CFTR 23 and improves forced expiratory volume in 1 s in people with CF carrying a G551D or other residualfunction mutation in CFTR 4 . The quantitative effects of AmB on ASL pH and H
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Ivacaftor does not correct the non-membrane-localized ∆F508 CFTR defect 23 , and as expected, it failed to increase ASL pH or H 14 CO 3 − secretion in CuFi-1 (∆F508/∆F508) epithelia (Fig. 1c, d ). By contrast, AmB, which operates independently of the CFTR protein, increased both ASL pH and H 14 CO 3 − secretion (Fig. 1c, d ). No increase in ASL pH was observed with apical addition of AmB to non-CF (NuLi) epithelia (Fig. 1e) . AmB was left on the epithelia throughout all the experiments described in this paper. AmB progressively increased ASL pH over 2 h, and sustained this effect for at least 48 h in these in vitro experiments (Fig. 1f) . The AmB-mediated increase in H 14 CO 3 − secretion in CuFi-1 epithelia is sustained for at least seven days (Extended Data Fig. 3a-c) . These results contrast with the transient increase in pH (lasting approximately 15 min) 24 produced by aerosolized NaHCO 3 . C35deOAmB and basolateral addition of AmB did not increase ASL pH or H 14 CO 3 − secretion, suggesting that these effects are specific to apically localized AmB channels (Fig. 1c, d) .
AmB-treated CuFi-1 epithelia did not respond to chemical activation of CFTR, suggesting that AmB did not promote trafficking of ∆F508 CFTR to the apical membrane (Extended Data Fig. 3d-i) . Addition of AmB did not disrupt membrane integrity, as there was no difference in transepithelial electrical resistance (R t ) between CuFi-1 epithelia treated with either vehicle, low (2 μM) or high (50 μM) doses of AmB over extended timeframes (Extended Data Fig. 3j ). No toxicity was observed in CuFi-1 epithelia with the same AmB doses (Extended Data  Fig. 3k) .
Another model of CF links ASL height to pathology 13 . At baseline, CuFi-1 epithelia had decreased ASL height compared with NuLi epithelia (Fig. 1g, Extended Data Fig. 4a, b) . Apical addition of AmB increased ASL height to match that of NuLi epithelia (Fig. 1g, Extended Data  Fig. 4c) . Vehicle, C35deOAmB and basolateral AmB did not increase ASL height (Fig. 1g, Extended Data Fig. 4d, e) . These results suggest that AmB-based channels restore ASL volume homoeostasis despite their lack of ion selectivity.
Secretion of ions through apical channels depends on an electrochemical gradient generated in large part by basolateral transport proteins. We showed that AmB-mediated growth rescue in Trk-deficient yeast is attenuated by chemical inhibition of H + -ATPases that drive secondary K + influx
22
. Secretion of Cl − through apical peptide channels in monolayers derived from a colonic cancer cell line was mitigated by blocking basolateral K + channels 25 . We predicted that inhibiting basolateral transport in CF airway epithelia would similarly prevent AmB-mediated anion secretion. Inhibiting the basolateral Na − secretion in CuFi-1 epithelia (Fig. 1h, i) . Inhibiting the basolateral Na
− co-transporter with bumetanide decreased ASL height in NuLi epithelia and abolished the AmB-mediated increase in ASL height in CuFi-1 epithelia (Fig. 1g, Extended Data Fig. 4f, g ). Thus, apical AmB channels functionally interface with endogenous basolateral proteins that drive anion secretion.
We next tested whether AmB could restore key aspects of airway host defence in differentiated primary cultures of human airway epithelia. We studied epithelia from nine donors with CF representing different CFTR mutations, including some that yield no CFTR (Fig. 2a, Extended  Data Fig. 5a ). Apical AmB increased ASL pH by approximately 0.2 pH units (Fig. 2a) , and this effect was sustained for at least 48 h (Fig. 2b ). C35deOAmB and basolateral AmB did not increase ASL pH (Extended Data Fig. 5b ).
ASL viscosity is increased and antibacterial activity is decreased in cultures of CF airway epithelia 3, 26 . The ASL of non-CF airway epithelia has a viscosity 2.5 times that of saline 3 . Apical addition of AmB to genetically diverse primary cultures of CF epithelia decreased ASL viscosity (Fig. 2c, Extended Data Fig. 5d , h-j) to a degree that matched 14 CO 3 − secretion and ASL pH in cultured CF airway epithelia. a, Effect of ivacaftor and forskolin (Iva + fsk) or AmB on ASL pH in CuFi-4 (G551D/∆F508) epithelia (n = 6). b, Effect of ivacaftor and forskolin (n = 12) or AmB (n = 10) on basolateral-toapical H 14 CO 3 − secretion in CuFi-4 epithelia (n = 16). c, Effect of vehicle (perfluorocarbon-72 (FC-72)), ivacaftor and forskolin (n = 6), AmB (n = 28), C35deOAmB (n = 14) or basolateral AmB (n = 6) on ASL pH in NuLi (CFTR +/+ ) (n = 14) or CuFi-1 (∆F508/∆F508) epithelia (n = 37). d, Effect of vehicle (n = 37), ivacaftor and forskolin (n = 4), AmB (n = 18), C35deOAmB (n = 8) or basolateral AmB (n = 8) on H 14 CO 3 − secretion in NuLi (n = 8) or CuFi-1 epithelia (n = 37). e, Effect of AmB (n = 6) on ASL pH in NuLi epithelia (n = 16). f, Average difference in ASL pH after AmB treatment compared to vehicle in CuFi-1 epithelia as a function of time (0, 0.5, 1, 2 and 12 h, n = 6; 6 h, n = 9; 24 h, n = 12; 48 h, n = 28). g, ASL height in NuLi (n = 21) or CuFi-1 epithelia (n = 21) after treatment with apical AmB (n = 21), C35deOAmB (n = 9), basolateral (baso) AmB (n = 6) or AmB with bumetanide (n = 12). h, i, ASL pH (h) and H 14 CO 3 − secretion (i) in CuFi-1 epithelia (n = 6) after addition of vehicle, apical AmB or AmB with ouabain. n is the number of biologically independent samples from at least two independent experiments with similar results. Data are mean ± s.e.m. a-d, g-i, One-way ANOVA with Tukey test for multiple comparisons. e, f, Two-sided unpaired Student's t-test. NS, not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. P are shown in the Source Data. . AmB addition nearly doubled ASL bacterial killing in CF epithelia (Fig. 2d , Extended Data Fig. 5e, f) , whereas C35deOAmB had no effect (Extended Data Fig. 5f ). AmB alone does not have antibacterial activity against Staphylococcus aureus (Extended Data Fig. 5g ).
In CuFi-1 epithelia ASL pH increased and then fell with increasing concentrations of AmB (Fig. 3a) . On the basis of our previous findings in yeast cells [20] [21] [22] , we hypothesized that preforming a AmB-cholesterol complex would mitigate potential sterol-binding-mediated effects that could contribute to reduced efficacy at higher concentrations of AmB. We found that a preformed AmB-cholesterol (1:5) complex increased ASL pH up to the maximum concentration of AmB tested (100 μM) (Fig. 3a) .
AmBisome is a liposomal formulation, approved by the US Food and Drug Administration, that contains AmB and cholesterol in a 1:2.5 ratio 27 . AmBisome caused H 13 CO 3 − efflux in liposomes (Extended Data Fig. 6a ), increased ASL pH and H 14 CO 3 − secretion in CuFi-1 epithelia measured 2 h and 48 h after addition (Fig. 3b, c , Extended Data Fig. 6b, c) , and increased ASL pH over a large range of AmBisome concentrations, 6-2,450 μg ml −1 , equivalent to 0.25-100 μM AmB (Extended Data Fig. 6c ).
To assess whether AmBisome can restore ASL pH in vivo, we used a porcine model of CF 24 . The ASL pH of CFTR −/− pigs does not increase without intervention with aerosolized HCO 3 − or tromethamine buffer 24 , and the ASL pH of non-CF pigs 3 is about 7.25. Administering 60 μl of 1 mg ml −1 AmBisome solution through a tracheal window to 1 cm 2 of airway increased ASL pH in CFTR −/− pigs (Fig. 3d) . Thus, small-molecule ion channels can permeabilize the apical membrane of CF airway epithelia to HCO 3 − and restore ASL pH, viscosity and antibacterial activity, key components of airway host defences. CFTR selectively conducts anions, whereas the AmB channel conducts both monovalent anions and cations. AmB is therefore an imperfect substitute for CFTR. However, the mechanisms that create an electrochemical driving force for anion secretion establish a setting in which an unselective channel is sufficient to support anion secretion, the fundamental defect in CF airway epithelia. Other mechanisms may also contribute to AmB-mediated increase in transepithelial HCO 3 − transport, such as the coupling of AmB-mediated Cl − secretion to HCO 3 − secretion by anion exchangers (for example, SLC26A4) and other apical protein anion channels (for example, SLC26A9) 28 . These findings reveal a CFTR-independent and thus genotype-independent approach for treating people with CF, including those with nonsense a, c, d , n is the number of biologically independent samples from at least three independent experiments with similar results. In b, the same samples for each donor were measured repeatedly over time; data are from at least three independent experiments with similar results. All panels, two-sided unpaired Student's t-test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. P values are shown in the Source Data. Letter reSeArCH and premature termination codons that produce little or no CFTR. Because this mechanism is independent of CFTR activity, there is also potential for additive effects with CFTR modulators 4, 23 . Moreover, AmB is already a clinically approved drug that might benefit people with CF, and the AmBisome formulation can be safely delivered to the lungs to treat pulmonary fungal infections without producing significant systemic exposure 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-019-1018-5. , respectively. These flasks were previously coated with 3 ml 60 μg/ml human placental collagen type IV (SigmaAldrich) for a minimum of 18 h at room temperature, rinsed twice with PBS, and then dried before seeding. The cells were cultured with 12 ml Bronchial Epithelial Cell Growth Medium (BEGM) BulletKit (Lonza CC-3170), which includes the basal medium and eight SingleQuots of supplements (bovine pituitary extract (BPE), 2 ml; hydrocortisone, 0.5 ml; hEGF, 0.5 ml; adrenaline, 0.5 ml; transferrin, 0.5 ml; insulin, 0.5 ml; retinoic acid, 0.5 ml; triiodothyronine, 0.5 ml). The gentamycin-AmB aliquot was discarded and the medium was instead supplemented with 50 μg/ml penicillin-streptomycin (Corning Cellgro), 50 μg/ml gentamycin (Sigma-Aldrich G1397), and 2 μg/ml fluconazole (Sigma-Aldrich). The original CF transplant donors were genotyped by Integrated Genetics. Cell lines were secondarily confirmed by the ATCC repository to have the correct genotype and were free of mycoplasma contamination. MycoAlert Mycoplasma detection kit (Lonza LT07-418) was used to detect any RNA transcripts common to a broad spectrum of mycoplasma. Cell lines were confirmed to be mycoplasma-free.
Cells were grown to 90% confluence at 37 °C in 5% CO 2 , changing medium every two days, and then trypsinized with 4 ml 0.25% trypsin containing 1 mM EDTA (Gibco 25200-056). Trypsin was inactivated with 10 ml HEPES-buffered saline solution (Lonza CC-5024) with 1% bovine calf serum. Cells were spun down in an Eppendorf Centrifuge 5430R at 1,500 r.p.m. for 5 min and resuspended in BEGM medium for passaging.
For culturing on membrane supports for differentiation, cells were resuspended after centrifugation in Ultroser G medium. This (Corning 3470) for all other studies. These membranes were coated with collagen in the same manner as the flasks detailed above. The Millicell inserts were seeded with 200,000 cells each, the Falcon inserts were seeded with 500,000 cells each, and the Transwell inserts were seeded with 115,000 cells each. These membranes were allowed to mature at an air-liquid interface for a minimum of 14 days to reach full differentiation as previously described 41, 42 , with the Ultroser G medium changed every other day. After maturation, medium was changed every seven days. For covariate control, membranes used in experiments were as close in age and maturation as possible. Primary cultures of airway epithelia. Airway epithelial cells were obtained from human trachea and bronchi of CF and non-CF specimens obtained from the Iowa Donor Network, either as post-mortem specimens or from tissue deemed not fit for transplant. All of the corresponding genotypes are indicated in the manuscript (see Extended Data Fig. 5 ). All samples were deidentified in the Cell Culture Core Repository and patient identification information was not provided to the researchers doing the experiments. Patients were not recruited. Studies were approved by the University of Iowa Institutional Review Board. We have complied with all relevant ethical regulations and informed consent was obtained from all participants. After pronase enzymatic digestion, cells were seeded onto collagen-coated semi-permeable membranes (0.33-1.12 cm 2 , Corning 3470 polyester, 3460 polyester or 3413 polycarbonate) and grown at an air-liquid interface using previously described methods 42 . Airway epithelial cell cultures were analysed after they had differentiated and at least 14 days after seeding. Statistics. No data were excluded. All data are mean ± s.e.m. D' Agostino-Pearson normality test was used to confirm normal distribution of data. Statistical analysis represents P values obtained from one-way ANOVA or two-sided unpaired or paired Student's t-test where necessary. In cases where variance was not homogenous between comparison groups, a parametric t-test with Welch's correction was performed to account for differences in variance. NS, not significant. *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001 unless otherwise noted. On the basis of pilot experiments, we chose sample sizes that adequately power each experiment to detect a difference in outcomes between groups. Epithelial samples were manually assigned at random into control and experimental groups for each experiment. Animals served as their own controls. The investigators were not blinded to allocation during experiments and outcome assessment. -efflux experiments, the concentration of each ion was sampled every 10 s throughout the course of the efflux experiments.
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C NMR spectra for HCO 3 − efflux experiments were acquired on a Bruker Avance III HD 500-MHz NMR spectrometer equipped with a 5-mm BBFO CryoProbe (Extended Data Fig. 1a-e) , a Varian Inova 600 MHz NMR spectrometer with a Varian 10-mm broadband probe (Extended Data Fig. 1i) , and a Varian Inova 600-MHz NMR spectrometer with a Varian 5-mm broadband autox probe (Extended Data Fig. 6a) . The instrument was locked on D 2 O. The inversegated 13 C spectra were collected. The efflux data from each run were normalized to the percentage of total ion release from 0 to 100%. For HCO 3 − -efflux experiments, after lysis of the liposome suspension, the integration of the signal corresponding to extravesicular HCO 3 − relative to the integration of the 13 C-glucose standard was scaled to correspond to 100% efflux. For each experimental run with AmB addition, the signal corresponding to extravesicular HCO 3 − was integrated relative to the 13 C internal standard for each free induction decay (FID). The scaling factor S was calculated for each experiment using the following relationship:
Each data point was then multiplied by S before plotting as a function of time. Liposome preparation. Before preparing a lipid film, the lipid solution was warmed to ambient temperature to prevent condensation from contaminating the solution and degrading the lipid film. In brief, 42 mg of solid cholesterol was added to a 20-ml scintillation vial (Fisher Scientific), followed by 14 ml POPC solution.
The solvent was removed with a gentle stream of nitrogen, and the resulting lipid film was stored under high vacuum for a minimum of 12 h before use. For Na + -efflux experiments, the film was rehydrated with 2 ml 250 mM NaHCO 3 , 40 mM HEPES buffer, pH 7.5 and vortexed vigorously for approximately 3 min to form a suspension of multilamellar vesicles (MLVs). For K + -efflux experiments, the film was rehydrated with 2 ml 250 mM KHCO 3 , 40 mM HEPES buffer, pH 7.5. For Cl − -efflux experiments, the film was rehydrated with 2 ml 250 mM NaCl, 40 mM HEPES buffer, pH 7.5. For HCO 3 − -efflux experiments, the film was rehydrated with 2 ml 250 mM NaH 13 CO 3 , 40 mM HEPES buffer, pH 7.5 (D 2 O). To obtain a sufficient quantity of large unilamellar vesicles (LUVs), at least two independent lipid-film preparations were pooled together for the subsequent formation of LUVs. The lipid suspension was then subjected to 15 freeze-thaw cycles, where the suspension was alternatingly allowed to freeze in a liquid nitrogen bath, followed by thawing in a 50 °C water bath. The resulting lipid suspension was pulled into a Hamilton 1-ml gas-tight syringe and the syringe was placed in an Avanti Polar Lipids Mini-Extruder (610000). The lipid solution was then passed through a 5-μm pore Whatman Nuclepore hydrophilic polycarbonate filter (VWR 28158-067) 35 times, the newly formed LUV suspension was collected in the syringe that did not contain the original suspension of MLVs to prevent the carryover of MLVs into the LUV solution. To obtain a sufficient quantity of LUVs, at least four independent 1-ml preparations were pooled together for the dialysis and subsequent efflux experiments. The newly formed LUVs were dialysed using Thermo Scientific Slide-A-Lyzer G2 dialysis cassettes (3 ml, 3,500 MWCO, 87723). Unless otherwise described, the LUV suspension was dialysed three times against 600 ml 62.5 mM MgSO 4 , 40 mM HEPES buffer, pH 7.3. The first two dialyses were 2 h long, while the final dialysis was performed overnight.
Determination of total phosphorus was adapted from a previous report 43 . The LUV suspension was diluted 40-fold with 62.5 mM MgSO 4 in 40 mM HEPES buffer pH 7.3. Three 10-μl samples of the diluted LUV suspension were added to three separate 7-ml vials. Subsequently, the solvent was removed with a stream of N 2 . H 2 SO 4 (8.9 M, 450 μl) was added to each dried LUV film, including to a fourth vial containing no lipids that was used as a blank. The four samples were incubated open to ambient atmosphere in a 225 °C aluminium heating block for 25 min and then moved to 23 °C and allowed to cool for 5 min. After cooling, 150 μl 30% w/v aqueous hydrogen peroxide was added to each sample, and the vials were returned to the 225 °C heating block for 30 min. The samples were then moved to 23 °C and allowed to cool for 5 min before the addition of 3.9 ml water. Then, 500 μl 2.5% w/v ammonium molybdate was added to each vial, and the resulting mixtures were Letter reSeArCH vortexed briefly and vigorously five times. Subsequently, 500 μl 10% w/v ascorbic acid was added to each vial, and the resulting mixtures were vortexed briefly and vigorously five times. The vials were enclosed with a PTFE-lined cap and then placed in a 100 °C aluminium heating block for 7 min. The samples were moved to 23 °C and allowed to cool for approximately 15 min before analysis by UV/vis spectroscopy. Total phosphorus was determined by observing the absorbance at 820 nm and comparing this value to a standard curve obtained using this method with standard solutions with known concentrations of phosphorus. Efflux from LUVs. 13 C NMR studies of H 13 CO 3 − efflux from POPC liposomes. Cholesterol-containing POPC liposomes were prepared as described above. The LUV suspension was dialysed 10 times against 300 ml 87 mM Na 2 SO 4 in 40 mM HEPES buffer pH 7.3 (H 2 O) with stirring. The first dialysis was 4 h long, and the subsequent nine dialyses were performed for 1 h. Determination of phosphorous content was performed as described above.
The pooled LUV suspension was diluted to 70 mM lipid with 87 mM Na 2 SO 4 , 40 mM HEPES buffer, pH 7.3 (D 2 O), and 0.025% (w/v) 13 C d-glucose (1-13 C) (Sigma-Aldrich 297046) was added as an internal standard.
C NMR spectra were acquired on a Bruker Avance III HD 500 MHz NMR spectrometer equipped with a 5-mm BBFO CryoProbe. The For each experiment, 1.4 μl vehicle, AmB, or C35deOAmB (17.5 μM final concentration, 100× stock solution in DMSO) was added to 140 μl liposome suspension. The liposome suspension was immediately transferred to a New Era (NE-H5/4) micro NMR sample tube (3 mm lower/5 mm upper), and eight consecutive FIDs were obtained as described above. For experimental runs with MnCl 2 , 5 μl 50 mM MnCl 2 solution was added after the addition of AmB. To effect complete ion release, 10 μl 30% (v/v) solution of Triton X-100 (Sigma-Aldrich X100) was added to the liposome suspension before data acquisition [44] [45] [46] [47] . Na + , K + , and Cl − efflux from POPC liposomes. For Na + -, K + -and Cl − -efflux experiments, the pooled LUV suspension was diluted to 70 mM lipid with 62.5 mM MgSO 4 , 40 mM HEPES buffer, pH 7.3. The LUV suspension (1.5 ml for Na + and 4 ml for Cl − and K + ) was added to either a 7-ml (Na + ) or 20-ml vial (Cl − and K + ) and magnetically stirred. The appropriate probe was inserted, and data were collected for 1 min before addition of AmB. For Na + -efflux experiments, 15 μl of either vehicle or AmB (70 μM final concentration, 100× stock solution in DMSO) was added to 1.5 ml LUV suspension, and data were collected for 10 min. To effect complete ion release, 15 μl 30% (v/v) Triton X-100 was added, and data were collected for an additional 5 min. For Cl − -and K + -efflux experiments, 40 μl of either vehicle or AmB (70 μM final concentration, 100× stock solution in DMSO) was added to 4 ml LUV suspension, and data were collected for 10 min. To effect complete ion release, 40 μl 30% v/v solution of Triton X-100 was added, and data were collected for an additional 5 min. H 13 CO 3 − efflux from POPC liposomes with rapid-injection NMR. Cholesterolcontaining POPC liposomes were prepared as described above. The LUV suspension was dialysed three times against 600 ml 62.5 mM MgSO 4 in 40 mM HEPES buffer pH 7.3 (9:1 H 2 O:D 2 O) with stirring. The first two dialyses were 2 h long, whereas the final dialysis was performed overnight. Determination of phosphorous content was performed as described above. H 13 CO 3 − efflux was measured using rapid injection NMR 48, 49 .
C NMR spectra were acquired using a Varian Inova 600MHz NMR spectrometer with a Varian 10-mm broadband probe. The 13 C frequency was set to 150.83 MHz, and spectral width was 37,037 Hz. Experimental conditions were: acquisition time, 0.50 s; 45° pulse width, 14 μs; relaxation delay, 1.5 s; number of scans, 1; temperature, 23 °C. LUV suspension (2.5 ml) was added to an oven-dried 10-mm NMR tube (New Era Enterprises, NE-H10-7). The uncapped tube was placed into the probe of the NMR spectrometer. AmB (70 μM, 100× stock in DMSO) was injected at a rate of 500 μl per second. The injector was used to mix the sample followed by data collection. The efflux of HCO 3 − was monitored by 13 C NMR by collecting 300 consecutive spectra over the course of 10 min after addition. To effect complete ion release, 80 μl of a 10% (v/v) solution of Triton X-100 was added to the liposome suspension before data acquisition [44] [45] [46] [47] .
Studies of H
+ efflux from POPC liposomes. H + efflux from POPC-10% cholesterol liposomes was determined as previously described 50 . H 13 
CO 3
− efflux from POPC liposomes with AmBisome and AmB:cholesterol. The LUV suspension was dialysed three times against 600 ml 62.5 mM MgSO 4 in 40 mM HEPES buffer pH 7.3 (H 2 O) with stirring. The first two dialyses were 2 h long, whereas the final dialysis was performed overnight. Determination of phosphorous content was performed as described above.
The pooled LUV solution was diluted to 100 mM lipid with 62.5 mM MgSO 4 , 40 mM HEPES buffer, pH 7.3 (D 2 O), and 0.025% (w/v) 13 C d-glucose (1-13 C) was added as an internal standard.
13
C NMR spectra were acquired on a Varian Inova 600MHz NMR spectrometer with a Varian 5-mm broadband autox probe. For each experiment, 5 μl DMSO or sterile water vehicle, AmBisome in sterile water, or AmB:cholesterol in DMSO (100 μM final AmB concentration, 100× stock solution) was added to 500 μl liposome suspension in an oven-dried New Era 5-mm NMR sample tube. Twelve consecutive FIDs were obtained as described above. To effect complete ion release, 40 μl 10% (v/v) Triton X-100 solution was added to the liposome suspension before data acquisition [44] [45] [46] [47] . Measurement of ASL pH in cell line and primary cultures of airway epithelia. Small-diameter NuLi, CuFi and primary cultured epithelia were used for this experiment (0.33 cm 2 ). The ratiometric pH indicator SNARF-conjugated dextran (Molecular Probes) was used to measure ASL pH. SNARF powder was suspended via sonication in perfluorocarbon-72 (Sigma-Aldrich FC-72) and distributed onto the apical surface. ASL pH was measured 2 h later 3,12,51 . SNARF was excited at 488 nm and emission was recorded at 580 nm and 640 nm using a Zeiss LSM 800 microscope at ×40 water immersion for cell line cultures and a Zeiss LSM 510 microscope for primary cultures. To generate a standard curve for pH determination, SNARF was dissolved in colorless pH standards and fluorescence ratios were converted to pH.
Agents tested in this assay were first lyophilized into powder and then suspended in the appropriate volume of perfluorocarbon, which were sonicated for 1 min to aid suspension. AmBisome should not be sonicated; instead, the fine powder was suspended by vortexing. Subsequently, 20 μl of this suspension was administered onto the surface of cultured airway epithelia (0.33 cm 2 ) at the following approximate concentrations in suspension: AmB, 0.25-100 μM; AmB-cholesterol complex, 0.5−100 μM; C35deOAmB 20 , 2 μM; 10 μM forskolin/ 10 μM ivacaftor 12 ; AmBisome 6-2,450 μg/ml. In all experiments, ASL pH of compound-treated epithelia was measured and compared to the results from vehicle-treated epithelia.
For apical AmB administration, cultured airway epithelia were incubated for between 30 min and 48 h at 37 °C before measurement of ASL pH. For AmBcholesterol complex and C35deOAmB administration, cultured airway epithelia were incubated for 48 h at 37 °C before measurement of ASL pH. For 10 μM ivacaftor/10 μM forskolin administration, cultured airway epithelia were incubated for 2 h at 37 °C before measurement of ASL pH 12 . For basolateral AmB administration, a 2 mM stock of AmB in DMSO was diluted 1,000-fold to a final concentration of 2 μM in USG medium. The basolateral medium of cultured airway epithelia was replaced with the AmB-containing USG medium and incubated for 48 h at 37 °C before measurement of ASL pH.
Specific conditions for experiments in Figs. 1-3 not otherwise described in legends: Fig. 1a , ivacaftor/forskolin (10 μM, 2 h); apical AmB (2 μM, 48 h); Fig. 1c ). These cultures were mounted in a dual-channel Ussing chamber (Warner U2500) using the culture cup insert for Transwell adaptor, 24 mm (U9924T-24). The membranes were bathed at 37 °C on the apical side with a buffer-free solution (140 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 15 mM dextrose, gassed with air) and on the basolateral side with either a HCO 3 − buffer (120 mM NaCl, 25 mM NaHCO 3 , 5 mM KCl, 2 mM CaCl 2 , 1.2 mM MgCl 2 , 13.75 NaH 2 PO 4 , 5.6 mM dextrose, pH adjusted to 7.0) or a HCO 3 − -free buffer (140 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 5 mM dextrose, pH adjusted to 7.0). A microdiameter pH electrode (89231-590) and temperature probe (Radiometer Analytical T201 Temperature Sensor, E51M001) and titration burette attached to a Hach TIM856 NB pH/ EP/Stat pH-STAT Titrator (R41T028) were inserted into the apical chamber. The basolateral chamber was covered with the chamber lid to prevent gas exchange. The pH electrode was then calibrated using known pH solutions (Hach, S11M002, S11M004, S11M007).
The apical pH was titrated to a target pH of 6.0 using 1 mM HCl as titrant (minimum speed 0.25 ml/min, maximum speed 0.35 ml/min) [52] [53] [54] [55] . Acid titration was measured over 20 min to establish a baseline value for the cultured epithelia (maximum speed 2 ml/min). Both apical and basolateral bathing solutions were then removed. A stock solution of AmB in DMSO was added to a final concentration of 0.5, 1 or 5 μM in an aliquot of buffer-free solution and added to the apical chamber, and the basolateral chamber was replaced with fresh HCO 3 − or HCO 3 − -free buffer. The apical pH was again titrated to a target pH of 6.0 using 1 mM HCl as titrant. Acid titration was then measured over another 20 min to evaluate AmB-mediated pH change in the apical solution.
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Data were plotted as nmoles of H + titrated in per min, and the slope of this curve was divided by the area of the culture (4.67 cm 2 ) to obtain the rate of acid titration (nmoles
). Determination of ASL Na + , K + , Mg 2+ and Ca 2+ concentrations in CuFi-1 monolayers. Small-diameter CuFi-1 cultured epithelia were used for this experiment (0.33 cm 2 ). In brief, 24 h before the start of the experiment, the apical side of all cultured epithelia was rinsed three times with 200 μl warm PBS to remove excess mucus. Fresh USG medium was first added to the basolateral membrane. CuFi-1 epithelia were treated with either perfluorocarbon vehicle or 2 μM AmB suspended in perfluorocarbon, and incubated at 37 °C for 48 h. Microcapillary tubes (0.1 μl capacity, Drummond Scientific NC1453214) were placed into 200-μl pipette tips (Denville Scientific P1122). Then, 48 h after AmB addition, the microcapillary tubes were gently touched around the edge of the apical membrane of each epithelial culture insert until they were completely filled with ASL via capillary action. After collecting 0.1 μl ASL, a p200 pipette was used to push the entire sample into 15 μl molecular biology grade water (Corning 46-000-CM). The sample was then quantitatively transferred to a 15-ml conical vial by washing three times with 50 μl molecular biology grade water.
Quantification of sodium, magnesium, potassium and calcium was accomplished using inductively coupled plasma mass spectrometry (ICP-MS) of acidified samples. Each sample was diluted to a final volume of 5 ml with 1.0% HNO 3 (v/v) in double-distilled water. Quantitative standards were made using mixed Na, Mg, K and Ca standards containing 100 μg/ml of each element (Inorganic Ventures), which were combined to create a 100 ng/ml mixed-element standard in 1.0% nitric acid (v/v).
ICP-MS was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific) operating in KED mode and equipped with a ESI SC-2DX PrepFAST autosampler. Internal standard was added inline using the prepFAST system and consisted of 1 ng/ml of a mixed element solution containing Bi, In, 6 Li, Sc, Tb and Y (IV-ICPMS-71D from Inorganic Ventures). Online dilution was also carried out using the prepFAST system and used to generate calibration curves with 5,000, 1,000, 500, 100 and 50 ng/ml Na, Mg, K and Ca. Each sample was acquired using one survey run (ten sweeps) and three main (peak-jumping) runs (40 sweeps). The isotopes selected for analysis were 23 Na, 24 Mg, 39 K, 44 Ca, and 89 Y (chosen as internal standards for data interpolation and machine stability). Instrument performance was optimized daily through autotuning followed by verification via a performance report (passing manufacturer's specifications). H 14 CO 3 − transport across NuLi and CuFi monolayers. Small-diameter NuLi and CuFi cultured epithelia were used for this experiment (0.33 cm 2 ). 14 C-labelled sodium bicarbonate was obtained as a sterile 35.7 mM aqueous solution pH 9.5 (MP Biomedicals 0117441H). All experiments were run less than two months after seeding. Fresh USG medium was added to the basolateral side before experimentation. The apical membrane was treated with 20 μl vehicle, AmB, or ivacaftor/forskolin as a suspension in perfluorocarbon, and the cultured epithelia were incubated for 48 h, 7 days, 14 days or 28 days at 37 °C in a 5% CO 2 atmosphere. After the end of the treatment period, 5 μl 1.4 mM H 14 CO 3 − stock solution in USG medium was added to the basolateral medium. The cultured epithelia were then incubated at 37 °C for 10 min. After 10 min, the apical membrane of the cultured epithelia was immediately washed with 200 μl PBS. The ASL wash and a 200 μl aliquot of the basolateral medium were diluted in scintillation cocktail (Perkin Elmer 6013199) and analysed by liquid scintillation counting 18 . The measured rate of basolateral-to-apical H 14 CO 3 − secretion was then normalized to the vehicle-treated control.
Specific conditions for experiments in Figs. 1-3 not otherwise described in legends: Fig. 1b , ivacaftor/forskolin (10 μM, 2 h), apical AmB (2 μM, 48 h); Fig. 1d , ivacaftor/forskolin (10 μM, 2 h), AmB (2 μM, 48 h), C35deOAmB (2 μM, 48 h), basolateral addition of AmB (2 μM, 48 h); Fig. 3c , AmBisome (1 mg/ml).
ASL pH and H
CO 3
− studies with basolateral ouabain. Small-diameter CuFi-1 cultured epithelia were used for this experiment (0.33 cm 2 ). All experiments were run less than two months after seeding. Fresh USG medium was added to the basolateral side before experimentation. The apical membrane was treated with 20 μl vehicle or 2 μM AmB as a suspension in perfluorocarbon, and the cultured epithelia were incubated for 47 h at 37 °C in a 5% CO 2 atmosphere. The basolateral medium was then removed and replaced with 10 mM ouabain 56 (Sigma-Aldrich O3125) dissolved in a low sodium Ringer's buffer (125 mM choline chloride, 10 mM NaCl, 14 mM KHCO 3 , 5 mM HEPES, 2.4 mM K 2 HPO 4 , 0.6 mM KH 2 PO 4 , 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , 5 mM dextrose, pH 7.4 with 10 N NaOH) at 37 °C. The epithelia were then incubated at 37 °C for 1 h. After 1 h, ASL pH and H 14 CO 3 − were measured as described above. Ussing Chamber studies of NuLi and CuFi monolayers. To assess the presence of membrane-expressed CFTR, differentiated cultures of NuLi and CuFi-1 epithelia grown on Corning Costar 0.4 μm 24-well plate Transwell Clear Polyester Membrane inserts were used. NuLi and CuFi-1 epithelia were treated with 20 μl perfluorocarbon vehicle or 2 μM AmB sonicated into a suspension in perfluorocarbon. After 48 h of incubation, the epithelia were mounted in a dual-channel Ussing chamber (Warner U2500) using the culture cup insert for Transwell adaptor, 6.5 mm (Warner U9924T-06) and bathed on both the apical and basolateral sides with a HCO 3 − solution (120 mM NaCl, 25 mM NaHCO 3 , 5 mM KCl, 2 mM CaCl 2 , 1.2 mM MgCl 2 , 13.75 mM NaH 2 PO 4 , pH 7.0) at 37 °C and gassed with compressed air. Dextrose was added to this solution immediately before experiments to a final concentration of 5.6 mM. Epithelial Na + channel (ENaC) and calcium-activated Cl − channel (CaCC) were inhibited by apical addition of 100 μM amiloride and 100 μM DIDS (4,4′-disothiocyanostilbene-2,2′-disulfonic acid), respectively, to achieve a baseline for permeabilization. Forskolin (10 μM) and 100 μM 3-isobutyl-1-methylxanthine (IBMX), added apically, were used to activate CFTR, and 1 μM CFTR inh -172 (Selleck Chemicals S7139) was used to inhibit CFTR. Each successive addition of reagent was allowed approximately 10 min to equilibrate before the addition of the next reagent 41 . Measurement of transepithelial electrical resistance. Small-diameter CuFi-1 cultured epithelia were used for this experiment (0.33 cm 2 ). Cultured epithelia were treated with perfluorocarbon vehicle, 2 μM AmB or 50 μM AmB administered in perfluorocarbon as previously described for 48 h, 7 days, or 28 days. Fresh USG medium (200 μl) was placed on the apical side of the epithelia. Transepithelial electrical resistance (R t ) was then measured using a Millicell ERS-2 Voltohmmeter across the apical and basolateral sides of the epithelia in a snaking pattern for two technical replicates per biological replicate. Lactate dehydrogenase assay. Small-diameter CuFi-1 cultured epithelia were used for this experiment (0.33 cm 2 ). A lactate dehydrogenase (LDH) Cytotoxicity Assay Kit (Cayman Chemical) was used to determine whether AmB was toxic to CuFi-1 airway epithelia. Before treatment, medium was removed from the basolateral side of epithelia and replaced with 500 μl fresh USG medium. Cultured epithelia were then treated with perfluorocarbon vehicle, 2 μM AmB or 50 μM AmB administered in perfluorocarbon as previously described for 48 h, 7 days, or 28 days. Subsequently, 48 h before the end of each experiment time frame, basolateral medium was changed again and 20 μl 10% Triton X-100 solution was added to the apical surface to elicit maximum release. On the day of the experiment, assay reagents were prepared according to the kit instructions and 500 μl USG medium was added to three empty wells in a 24-well plate for background control. Culture inserts were removed from the wells and 250 μl LDH Reaction Solution was added to each well. The plate was then gently shaken on an orbital shaker for 30 min at 37 °C. Absorbance was read at 490 nm using a plate reader. The percentage of cytotoxicity was calculated as follows: where A 490 nm is the absorbance at 490 nm, and background and max represent background and maximum values, respectively. ASL height assay. ASL height was studied using an established fluorescent-dye-based assay 57, 58 . Small-diameter NuLi and CuFi-1 cultured epithelia were used for this experiment (0.33 cm 2 ). In brief, 24 h before the start of the experiment, the apical side of all cultured epithelia was rinsed three times with warm PBS to remove excess mucus. NuLi epithelia were treated with perfluorocarbon vehicle or 500 μM basolateral bumetanide in DMSO vehicle applied to the medium, and CuFi epithelia were treated with 20 μl vehicle, 0.5 μM AmB or 0.5 μM C35deOAmB suspended in perfluorocarbon, with or without 500 μM basolateral bumetanide in DMSO vehicle applied to the medium and incubated for 24 h at 37 °C. For basolateral AmB administration, a 2 mM stock of AmB in DMSO was diluted 1,000-fold to a final concentration of 2 μM in USG medium. The basolateral medium of cultured airway epithelia was replaced with the AmB-containing USG medium. After 24 h, 2.5 μl 2 mg/ml 70-kDa Texas reddextran conjugate (Molecular Probes) solution in PBS was added to the apical side of the epithelia, followed by 100 μl FC-770 to prevent evaporation. Then, the culture support was placed on top of 100 μl PBS on a 10-mm glass bottom Fluorodish for imaging (World Precision Instruments). Epithelia were imaged immediately after dye addition and again at 24 h to examine dye absorption. Three z-stack images per membrane were taken on an Zeiss LSM700 confocal microscope with a 40× oil-immersion objective. These images were analysed using ImageJ 59 to determine the average ASL height in the centre 1,300 pixels of each image. Images were smoothed, converted to 8-bit, and thresholded to most accurately represent the red area. The parameters for the 'analyze particles' function in ImageJ were 'particles from 1 μm 2 to infinity in size and from 0 to 100% circularity' . Height was determined by dividing the area output in pixels by the known 1,300-pixel width and converted to μm using the known scaling factor of 0.49 μm pixel −1
. Viscosity of AmB-treated primary cultures of airway epithelia. ASL viscosity in airway epithelial cultures was determined as previously described 12,60 .
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Small-diameter primary cultured epithelia were used for this experiment (0.33 cm 2 ). The apical surface was not washed for at least two weeks before study. Cultured epithelia were treated with 2 μM AmB administered in perfluorocarbon, as previously described, for 48 h. FITC-dextran (70 kDa, Sigma-Aldrich) was then administered to the apical surface of epithelia as a dry powder 2 h before measurement of viscosity. FRAP was assayed in a humidified chamber at 37 °C using a Zeiss LSM 510 META microscope. Images were acquired until maximal recovery was reached. At least six recovery curves from different locations in each culture were acquired and averaged to obtain data for one epithelial culture. The time constant (τ saline ) was calculated by regression analysis from fluorescence recovery curves. Viscosity is expressed relative to the time constant of saline (τ ASL /τ saline ). Antibacterial activity of AmB-treated primary cultures of airway epithelia. S. aureus-coated gold grids were used to measure antibacterial activity of airway epithelial cultures as previously described 3, 51 . Small-diameter primary cultured epithelia were used for this experiment (0.33 cm 2 ). Bacteria-coated gold transmission electron microscopy grids were placed onto the apical surface of airway epithelia for 1 min after 48 h of perfluorocarbon, 2 μM AmB, or 2 μM C35deOAmB treatment. As controls, bacteria-coated grids were also placed in saline or AmB in perfluorocarbon laid over saline to simulate the administration method for 1 min. After removal, bacteria on the grids were assessed for viability using Live/Dead BacLight Bacterial Viability assay (Invitrogen). Viability was determined in four to six fields to determine the percentages of dead bacteria. Animal studies. We studied female and male newborn pigs with targeted disruption of the CFTR gene (CFTR −/− ), generated from mating CFTR +/− pigs. Pigs were obtained from Exemplar Genetics. The University of Iowa Animal Care and Use Committee approved all animal studies, and we complied with all relevant ethical regulations.
Measurement of ASL pH in CFTR
−/− pigs. ASL pH was measured in pigs in vivo as previously described 24, 51 . To administer AmBisome in pig trachea, pigs were initially sedated with ketamine (Ketaject, Phoenix; 20 mg/kg, intramuscular injection) and anaesthetized using propofol (Diprivan, Fresenius Kabi; 2 mg/kg, intravenous injection). The trachea was surgically exposed and accessed anteriorly, and a small anterior window was cut through the tracheal rings. To mimic physiologic conditions, data were obtained in a 100% humidified chamber at 37 °C and constant 5% CO 2 .
For the first CFTR −/− pig, a baseline ASL pH measurement was taken for about 8 min before 60 μl 100 μg/ml AmBisome in perfluorocarbon was administered to the tracheal window. ASL pH was continually measured for 60 min. Then, 60 μl 1 mg/ml AmBisome was administered to the tracheal window and pH was continually measured for another 60 min. For the second CFTR −/− pig, a baseline ASL pH measurement was taken for about 8 min before 60 μl perfluorocarbon vehicle was administered to the tracheal window as an internal control. ASL pH was continually measured for another 30 min. Then, 60 μl 1 mg/ml AmBisome was administered to the tracheal window and continuous measurements were then taken for 106 min. For the third and fourth CFTR −/− pigs, a baseline ASL pH measurement was taken for about 10 min. Then, 60 μl 1 mg/ml AmBisome in perfluorocarbon was administered to the tracheal window and continuous measurements were taken for 120 min.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
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Sample size
The sample size for each experiment is indicated in the figure legends. Based on pilot experiments, we chose sample sizes that adequately power each experiment to detect a difference in outcomes between groups. No statistical methods were used to predetermine sample size.
Data exclusions No data was excluded from analyses.
Replication
To verify reproducibility of experimental findings, experiments were successfully independently replicated and data reproduced by 2-3 graduate student or post-doctoral researchers either from the Burke lab or the Welsh lab based on established protocols provided to each researcher.
Randomization Epithelial samples and piglets were randomly allocated into experimental groups.
Blinding
All the measurements were performed by instruments or computing devices and therefore blinding is not necessary.
Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. The cell lines used in this this study were developed in 2003 by the Welsh Lab at the University of Iowa. Cell lines were generated using the reverse transcriptase component of telomerase, hTERT, and human papillomavirus type 16 (HPV-16) E6 and E7 genes to transform normal and cystic fibrosis (CF) human airway epithelial (HAE) cells. NuLi-1 (normal lung, University of Iowa) was derived from HAE of normal genotype and CuFi (cystic fibrosis, University of Iowa) were derived from HAE of various CF genotypes; specifically CuFi-1 was derived from ∆F508 HAE and CuFi-4 was derived from G551D/∆F508 HAE.
Authentication
The original CF transplant donors were genotyped by Integrated Genetics (Westborough, MA). Cell lines were secondarily confirmed by the ATCC repository to have the correct genotype and were free of mycoplasma contamination. Development of the cell lines is detailed in the APS 2003 publication: https://doi.org/10.1152/ajplung.00355.2002.
Mycoplasma contamination
All cell lines tested negative for mycoplasma contamination.
Commonly misidentified lines (See ICLAC register)
No commonly misidentified lines were used.
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Laboratory animals
We studied female and male newborn pigs with targeted disruption of the CFTR gene CFTR-/-, generated from mating CFTR+/-
